Music is a cultural universal and a rich part of the human experience. However, little is known about common brain systems that support the processing and integration of extended, naturalistic 'real-world' music stimuli. We examined this question by presenting extended excerpts of symphonic music, and two pseudomusical stimuli in which the temporal and spectral structure of the Natural Music condition were disrupted, to non-musician participants undergoing functional brain imaging and analysing synchronized spatiotemporal activity patterns between listeners. We found that music synchronizes brain responses across listeners in bilateral auditory midbrain and thalamus, primary auditory and auditory association cortex, right-lateralized structures in frontal and parietal cortex, and motor planning regions of the brain. These effects were greater for natural music compared to the pseudo-musical control conditions. Remarkably, inter-subject synchronization in the inferior colliculus and medial geniculate nucleus was also greater for the natural music condition, indicating that synchronization at these early stages of auditory processing is not simply driven by spectro-temporal features of the stimulus. Increased synchronization during music listening was also evident in a right-hemisphere fronto-parietal attention network and bilateral cortical regions involved in motor planning. While these brain structures have previously been implicated in various aspects of musical processing, our results are the first to show that these regions track structural elements of a musical stimulus over extended time periods lasting minutes. Our results show that a hierarchical distributed network is synchronized between individuals during the processing of extended musical sequences, and provide new insight into the temporal integration of complex and biologically salient auditory sequences.
Introduction
Music is a cultural universal and a rich part of the human experience. Brain imaging studies have identified an array of structures that underlie critical components of music, including pitch (Zatorre et al., 1994; Patel & Balaban, 2001) , harmony (Janata et al., 2002; Passynkova et al., 2005) , rhythm (Snyder & Large, 2005; Grahn & Rowe, 2009) , timbre (Menon et al., 2002; Deike et al., 2004) and musical syntax (Levitin & Menon, 2005; Abrams et al., 2011; Oechslin et al., 2012) . A drawback of probing neural substrates of individual musical features is that artificially constructed laboratory stimuli do not represent music as it is commonly heard, limiting the ecological validity of such studies. Furthermore, this componential approach fails to tap into one of the most important aspects of listeners' musicality -the ability to integrate components of musical information over extended time periods (on the order of minutes) into a coherent perceptual gestalt (Leaver et al., 2009) .
Examining the synchronization of brain responses across listeners constitutes a novel approach for exploring neural substrates of musical information processing. Inter-subject synchronization (ISS) using functional magnetic resonance imaging (fMRI) detects common stimulus-driven brain structures by calculating voxel-wise correlations in fMRI activity over time between subjects (Hasson et al., 2004) . The theoretical basis for using this approach is that brain structures that are consistently synchronized across subjects during an extended stimulus constitute core brain regions responsible for tracking structural elements of that stimulus over time (Hasson et al., 2010) .
ISS represents a fundamentally different approach, and provides advantages, relative to conventional fMRI methods (Wilson et al., 2008; see Fig. S1 ). ISS allows us to examine cognitive processes that require the integration of information over extended time periods; this is critical for the study of music in which the structure of musical elements is manifested over time. Furthermore, ISS does not rely on a priori assumptions about specific stimulus events or subtraction paradigms that require comparison of discrete perceptual or cognitive events.
Our goal was to examine shared neural representations underlying the processing of natural musical stimuli ('Natural Music'; Fig. 1 ).
We used ISS to identify brain regions that showed synchronized activity across individuals in response to music. To control for ISS that results from acoustical stimulus features as opposed to structural elements of the music stimulus, ISS results were compared with synchronization measured while subjects listened to two pseudomusical stimuli in which the temporal and spectral structure of the Natural Music condition were disrupted ('Phase-Scrambled' and 'Spectrally-Rotated' stimuli; see Data S1). Consistent with previous findings (Joris et al., 2004) , we hypothesized that the presence of spectro-temporal modulations in the Spectrally-Rotated condition would drive consistent responses in auditory midbrain, thalamus and primary cortex while the absence of temporal modulations in the Phase-Scrambled condition would yield reduced ISS results in these structures. Importantly, we hypothesized that only the Natural Music condition would elicit ISS beyond primary sensory cortices into motor planning and fronto-parietal cortices, which underlie rhythmic (Chen et al., 2008) and attentional processing (Sridharan et al., 2007) of musical stimuli, respectively.
Materials and methods

Participants
The Stanford University School of Medicine Human Subjects committee approved the study, and informed consent was obtained from all participants. Seventeen right-handed subjects (nine males) between the ages of 19 and 27 years (mean = 21.3, SD = 1.78) with little or no musical training according to previously published criteria (Maess et al., 2001 ) served as participants. The participants received $50 in compensation for participation.
Stimuli
Stimuli consisted of four symphonies of the late-baroque period composer William Boyce. Recordings were digitized at a sampling rate of 44.1 kHz in 16-bit mono. The total duration for these symphonies was 9 min 35 s. These particular symphonies were chosen for this study as they are representative of the Western music tradition yet they were unlikely to be recognized by the participants, thereby avoiding familiarity and memory-related effects. The four symphonies contained ten movement boundaries which were removed in order to ensure that event transitions were not driving ISS. To remove the movement boundaries, we first plotted each movement in Matlab and visually identified when the final note of the movement descended into the noise floor of the recording. All subsequent samples beyond this point were removed from the movement. We evaluated each movement boundary removal by listening to the manipulated stimuli and ensuring that the final note of each movement was completely audible and decayed naturally. All silent samples at the beginning of each movement were removed using the same visual and auditory-guided procedures. The result of this manipulation was a seamless transition from movement to movement that lacked the relatively long periods of silence (~5 s) that characterize natural movement boundaries. The task was programmed with E-Prime (PSTNET, Pittsburgh, PA, USA; www.pstnet.com), and stimuli were presented binaurally at a comfortable listening level with noise-reducing headphones and a custombuilt magnet-compatible audio system.
We used a freely available algorithm to perform spectral rotation on the musical stimuli (http://www.fil.ion.ucl.ac.uk/~jcrinion/rotation/ blesser3.m). This method has been described in previous works (Blesser, 1972; Scott et al., 2000; Warren et al., 2006; Abrams et al., 2012) . The center frequency for spectral rotation was 5512 Hz. This center frequency was chosen so that the rotated frequencies would be within the frequency response range of the fMRI-compatible headphones (20-10 000 Hz). Phase-scrambling was performed by applying a Fourier transform to each of the four symphonies that constitute the Natural Music stimulus and then randomizing its phase response by adding a random phase shift at every frequency (Prichard & Theiler, 1994) . The phase shifts were obtained by randomly sampling in the interval (0, 2p). This process preserves the power spectrum of each of the four symphonies. Note that, by design, the Phase-Scrambled control stimulus preserves spectral density but not time-dependent fluctuations. We preferred this design as it facilitates a simple and interpretable result: brain structures that show greater ISS for Natural Music compared with the Phase-Scrambled condition are sensitive to the temporal structure of music. Our design therefore forms a necessary starting point for future investigations of more complex time-dependent attributes of musical structure that lead to synchronized responses among subjects, perhaps using a wavelet transform that preserves both the spectral density and the time-dependent fluctuations in that density.
fMRI data acquisition
Brain images were acquired on a 3T GE Signa scanner using a standard GE whole head coil (software Lx 8.3). For the Natural Music, Fig. 1 . Stimuli. Spectrograms of the Natural Music (left), Spectrally-Rotated (center) and Phase-Scrambled (right) conditions. The first of the four symphonies played during the fMRI scan is plotted for all conditions. Spectral-rotation and phase-scrambling was performed on each of the four symphonies comprising the stimulus set for the fMRI experiment.
Spectrally-Rotated and Phase-Scrambled conditions, images were acquired every 2 s in two runs that lasted 9 min 42 s. The sequence of these stimulus conditions was consistent across listeners: the Natural Music condition was presented first, the Phase-Scrambled condition was presented second and the Spectrally-Rotated condition was presented third. While it would have been preferable to have randomized the stimulus presentation order across subjects to control for attention and fatigue, we do not believe that this had a significant effect on the results given that there was vastly greater ISS for the final stimulus condition (Spectral-Rotation) relative to the penultimate stimulus condition (Phase-Scrambled), which would not have occurred had fatigue and attention negatively affected ISS results. Subjects were instructed to attend to all the music and music-like stimuli. To allow for a natural listening experience, we did not provide any additional instructions to the subjects. A custom-built head holder was used to prevent head movement. Twenty-eight axial slices (4.0 mm thick, 0.5 mm skip) parallel to the AC-PC line and covering the whole brain were imaged using a T2*-weighted gradient echo spiral pulse sequence (TR = 2000 ms, TE = 30 ms, flip angle = 70°), providing an in-plane spatial resolution of 3.125 mm (Glover & Lai, 1998) . Images were reconstructed by gridding interpolation and inverse Fourier transform for each time point into 64 9 64 9 28 image matrices (voxel size 3.125 9 3.125 9 4.5 mm). fMRI data acquisition was synchronized to stimulus presentation using a TTL pulse sent by E-Prime to the scanner timing board.
fMRI data analysis
Preprocessing fMRI data were preprocessed using SPM8 (www.fil.ion.ucl.ac.uk/ spm/software/spm8). Images were realigned to correct for motion, corrected for errors in slice-timing, spatially transformed to standard stereotaxic space [based on the Montreal Neurologic Institute (MNI) coordinate system], resampled every 2 mm using sinc interpolation and smoothed with a 6-mm full-width half-maximum Gaussian kernel to decrease spatial noise prior to statistical analysis. Translational movement in millimeters (x, y, z) and rotational motion in degrees (pitch, roll, yaw) was calculated based on the SPM8 parameters for motion correction of the functional images in each participant. Confounding effects of fluctuations in global mean were removed by calculating the mean signal across all voxels for each time point and regressing out these values at the corresponding time points at each voxel in the brain. Controlling for the global mean is commonly performed in inter-subject correlation studies (Hasson et al., 2004; Wilson et al., 2008) . To remove pre-processing artifacts and nonlinear saturation effects, we excluded the first six time points of the experiment from the analysis.
Inter-subject synchronization
The inter-subject correlation analysis was performed using the WFU BPM toolbox (www.fmri.wfubmc.edu/cms/software). Synchronization was calculated by computing Pearson correlations between the voxel time series in each pair of subjects (136 subjectto-subject comparisons total; see Fig. S2 ). Pearson correlation coefficients at each voxel were converted into Z-scores using Fisher transformation. We computed the Z-normalized group correlation map for each stimulus condition by performing a one-sample t-test at each voxel, using the Z-scores from each subject-to-subject comparison.
Differences between the general linear model (GLM) and ISS
The GLM identifies brain regions that have consistently greater univariate activity for music relative to rest measured across subjects. A significant limitation of GLM analysis is that it cannot identify brain structures that show highly consistent patterns of fMRI activity measured across subjects (Hasson et al., 2010) . Nevertheless, the great consistency of these patterns of activity across subjects, facilitated by ISS analysis, strongly suggests that these brain regions track aspects of musical structure across time that represent functionally important regions for the processing of naturalistic musical stimuli. Due to the continuous nature of the musical stimuli in the current study, a GLM analysis, which relies on comparison of fMRI activity across short-duration task conditions, was not possible.
Non-parametric thresholding
As the resulting 136 Z-transformed correlation coefficients are not independent, we used a permutation test (Nichols & Holmes, 2002) to derive a spatial extent threshold to correct for multiple comparisons. To comply with the construction of the original paired t-test, we formed two paired groups for each permutation. For one reconstructed group, we correlated one subject from the Natural Music condition, denoted as Sub i,1 , with a different subject from the Phase-Scrambled condition, denoted as Sub j,2 , where i and j represent subjects, 1 represents the Natural Music condition, and 2 represents the Phase-Scrambled condition. Correspondingly, for the paired Z-transformed correlation coefficient in the other reconstructed group, we correlated Sub i,2 with Sub j,1 (i.e. the same paired subjects but with switched conditions). We randomly paired subjects from different conditions 136 times to resemble the original 136 correlations between 17 subjects within the same condition. Similarly, a t statistic was constructed using a paired group t-test with 136 Z-transformed correlation coefficients. We repeated the same permutation procedure 80 times and derived an appropriate spatial extent threshold based on the maximum cluster size to control family-wise error under 5% with a voxel-wise P value < 0.005 based on a t-distribution with a degree of freedom of 135. The resulting spatial extent threshold was determined to be 50 voxels.
These particular values were used to threshold the Z-normalized group correlation map. To compare ISS results between stimulus conditions, we used the Z-scores at each voxel generated during the ISS analysis (see above) to calculate a difference map. Specifically, we subtracted Z-scores for the Spectrally-Rotated and Phase-Scrambled conditions from Z-scores from the Natural Music condition for each subject-to-subject comparison (136 subject-tosubject comparisons in total). This analysis was restricted to the voxels which showed suprathreshold ISS in the group correlation map for the Natural Music condition. Group t-maps for the (Natural Music minus Spectrally-Rotated) and (Natural Music minus Phase-Scrambled) comparisons were then computed by performing one-way t-tests across all 136 difference maps for each comparison. Group difference t-maps were then thresholded using the permutation test as described previously (P < 0.005 height; P < 0.05, 50 voxels extent). While our analysis and interpretation focuses on comparison of ISS differences between the Natural Music and the two control conditions, for the sake of completeness we have also presented synchronization maps associated with the Natural Music, Spectrally-Rotated and Phase-Scrambled conditions.
ISS in subcortical structures
To examine whether sub-cortical auditory structures, including the inferior colliculus (IC) of the midbrain and medial geniculate nucleus (MGN) of thalamus, showed differences in ISS for the Natural Music condition compared with the Spectrally-Rotated and Phase-Scrambled conditions, we used the Z-scores generated during the ISS analysis (see above) to calculate the difference in Z-scores between the Natural Music and the control conditions within these regions of interest (ROIs). Specifically, we subtracted Z-scores for the Spectrally-Rotated and Phase-Scrambled conditions from Zscores from the Natural Music condition for each subject-to-subject comparison (136 subject-to-subject comparisons in total). This analysis was restricted to the voxels within the IC and MGN as reported in a previous MRI study (Muhlau et al., 2006) . Based on the coordinates reported in that study, we used a sphere with a radius of 5 mm centered at AE 6, -33, -11 for the inferior colliculus ROIs and a sphere with a radius of 8 mm centered at AE 17, -24, -2 for the medial geniculate ROI. Given the relatively small sizes of these subcortical structures (5-and 8-mm spheres for the IC and MGN, respectively), the resulting difference Z-scores were thresholded at P < 0.05, uncorrected for extent.
Consistency and potential confounds in ISS
We performed three additional analyses to examine the possibility that our ISS results did not arise from stimulus-following, spectrotemporally invariant neural responses and synchronized inter-subject movement. First, we performed a within-subject analysis to examine whether neural activity measured across ROIs identified with ISS represents a global, uniform signal as opposed to regionally specific processing. We reasoned that if ISS represents either stimulus-following or consistent responses at each time point, fMRI time courses would be similar across all ROIs. To isolate neural activity from specific brain regions, we first created ROIs by crossing the thresholded ISS map for the Natural Music condition with eight right-hemisphere auditory and non-auditory cortical ROIs from the Harvard-Oxford probabilistic structural atlas, including Heschl's gyrus (HG), planum temporale (PT), planum polare (PP), posterior superior temporal gyrus (pSTG), BA 45 (extending into BA 47), posterior supramarginal gyrus (pSMG), mid-cingulate cortex (MCC) and pre-central gyrus (Smith et al., 2004) . A probability threshold of 25% was used to define each anatomical ROI in the Harvard-Oxford probabilistic structural atlas, and these thresholded ROIs were binarized prior to additional processing. We also included the two sub-cortical auditory ROIs described previously as well as the PGa and PGp sub-divisions of the angular gyrus (AG; Caspers et al., 2006) , resulting in a total of 12 ROIs. We then extracted the time-series for each ROI and subject for all three stimulus conditions, measured as the first principal eigenvector from all voxels within each ROI. The 12 ROIspecific time series were then correlated on a within-subject basis, resulting in 66 region-to-region Pearson correlation values for each subject. The resulting Pearson's correlation values were converted to Z-scores using the Fisher transform. To perform group statistics, we calculated one-sample t-tests on the Fisher-transformed correlation values for each region-to-region connection measured across subjects. The t-test results were FDR corrected using a threshold of P < 0.01.
In the second analysis, the goal was to examine whether significant ISS during the Natural Music condition was associated with constant synchronization of subjects' fMRI time-series measured across the entire musical sequence, or alternatively whether ISS was associated with isolated and concentrated periods of synchronization measured in the musical sequence. To this end, we performed an inter-subject time-frequency analysis using a continuous wavelet transform in order to examine changes in synchronization over time and frequency (Torrence & Compo, 1998; Grinsted et al., 2004) . In this analysis, we computed the wavelet cross spectra between ROI time series extracted from all pairs of subjects at 64 different frequency scales using the Matlab function 'wcoher.m' (www.mathworks.com/products/matlab) with 'cgau2' as a mother wavelet. The wavelet cross spectrum C xy of two time series x and y is defined as:
where C x (a,b) and C y (a,b) denote continuous wavelet transforms of x and y at scales a and positions b. The superscript * is the complex conjugate and S is a smoothing operator in time and scale. The time series entered into this analysis were the same time series used in the previous analysis, which is the first eigenvector calculated across all voxels within each ROI.
In the third analysis, the goal was to examine whether correlations in subjects' movement patterns within the scanner may have driven ISS results. To address this question, we performed an inter-subject correlation analysis using the time series for each of the six movement parameters. Similar to the main ISS analysis described previously, we calculated Pearson's correlations for all pair-wise subject comparisons (i.e. 136 subject-to-subject comparisons) for each of the six time-varying movement parameters specified by SPM8 during fMRI data pre-processing (i.e. x, y, z, pitch, roll, yaw) for both the Natural Music and the Phase-Scrambled conditions. Data were linearly detrended prior to performing the correlation analysis. The resulting Pearson's correlation values for all subject-to-subject comparisons were Fisher transformed, and then these values were entered into a paired t-test (i.e. Natural Music vs. Phase-Scrambled) to examine whether movement correlations measured during the Natural Music condition were significantly different from those measured during the Phase-Scrambled condition.
Results
Inter-subject synchronization
We measured fMRI activity in 17 adult non-musicians while they listened to 9.5 min of symphonic music from the late-Baroque period and the Spectrally-Rotated and Phase-Scrambled versions of those same compositions (control stimuli). Musical stimuli were similar to those used in a previous study investigating neural dynamics of event segmentation in music across the boundaries of musical movements (Sridharan et al., 2007) , except that here we removed 'silent' movement boundaries from the musical stimuli. This stimulus manipulation enabled us to isolate brain synchronization during audible musical segments. We found that a highly distinctive and distributed set of brain regions was synchronized between subjects during Natural Music listening (Table 1) , including subcortical and cortical auditory structures as well as structures in frontal, parietal and insular cortices.
ISS in sub-cortical auditory structures
Examination of ISS maps for the Natural Music condition showed that synchronization was evident throughout the right-hemisphere IC of the midbrain with a small extent evident in the left-hemisphere IC ( Fig. 2A, left) . Surprisingly, very little synchronization was evident in the IC for the Spectrally-Rotated and Phase-Scrambled control conditions (Fig. 2A, center and right) . Furthermore, in a direct comparison of synchronization between the music and control conditions, we found significantly greater ISS for the Natural Music condition than for the control conditions throughout bilateral IC (Fig. 2B, top row) . Based on this finding, we examined whether this effect was also evident in the MGN of the thalamus. Again, we found significantly greater ISS in the MGN for Natural Music relative to the control conditions (Fig. 2B, bottom row) .
ISS in superior temporal cortex
The Natural Music condition also showed widespread synchronization in auditory cortex (Fig. 3, left) , extending bilaterally from HG, which contains primary auditory cortex, into PP, PT and pSTG in auditory association cortex. Results for the Spectrally-Rotated condition also indicated widespread ISS in auditory cortical regions similar to the Natural Music condition (Fig. 3, center) , although ISS results for the Phase-Scrambled condition showed that no auditory cortical voxels had significant synchronization (Fig. 3, right) . This pattern was also evident when we directly compared synchronization between stimulus conditions. Specifically, there was no difference between auditory cortical synchronization for Natural Music and the Spectrally-Rotated conditions (Fig. 4, left) while there was significantly greater ISS for Natural Music compared with the PhaseScrambled condition throughout each of these auditory cortical regions except for right-hemisphere HG and left-hemisphere pSTG (Fig. 4, right) . This finding strongly suggests that temporal patterns present in Natural Music are necessary to drive ISS in auditory cortical regions.
ISS in fronto-parietal cortex
Synchronization for the Natural Music condition extended beyond auditory regions and into a variety of cortical regions associated with higher-level cognitive function. First, ISS for Natural Music was evident in the right-hemisphere inferior frontal gyrus (IFG), including BA 45 and 47 (Fig. 5, top left) . There was no suprathreshold ISS in the left hemisphere in either of these frontal structures. Additionally, ISS for the Natural Music condition was evident in multiple regions of the parietal lobe, including the PGa subdivision of the AG bilaterally, with a strong right-hemisphere bias, as well as the intra-parietal sulcus (IPS; Fig. 5, bottom left) . In contrast to the Natural Music condition, the Spectrally-Rotated and Phase-Scrambled conditions resulted in significantly reduced synchronization across these fronto-parietal brain regions. For example, ISS for the Spectrally-Rotated condition showed only small extents in both the IFG (Fig. 5, top center) and PGa subdivision of the AG in the parietal cortex (Fig. 5, bottom center) and the Phase-Scrambled condition failed to induce ISS in either the IFG or the PGa (Fig. 5, right top and bottom) . Direct comparisons between Natural Music and two control conditions indicated significantly greater synchronization in right-hemisphere BA 45 and 47 as well as PGa and IPS (Fig. 6) , regions that we previously found to be involved in tracking temporal structure (Levitin & Menon, 2003) . Fig. 2 . Inter-subject synchronization in subcortical auditory structures. (A) Axial slices (Z = À11) reveal ISS in the inferior colliculus (IC) of the midbrain in response to the Natural Music (left) but not to the Spectrally-Rotated (center) and Phase-Scrambled music (right) conditions. Images were thresholded using a voxel-wise statistical height threshold of (P < 0.005), with corrections for multiple comparisons at the cluster level (P < 0.05; 50 voxels). (B) Results show suprathreshold voxels throughout the IC (top) and MGN (bottom) for the Natural Music > Spectrally-Rotated (left) and Natural Music > Phase-Scrambled (right) comparisons. Sub-cortical ROIs were thresholded using a voxel-wise statistical height threshold of (P < 0.05), uncorrected. Functional images are superimposed on a standard brain from a single normal subject (MNI_152_T1_1mm_brain.nii; MRIcroN (Rorden & Brett, 2000) ). 
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ISS in motor cortex
The Natural Music condition also revealed significant ISS in motor systems of the brain. Specifically, a functional cluster was identified in the premotor motor cortex (PMC), MCC and supplementary motor area, key cortical areas for movement planning, as well as the motor cortex bilaterally for the Natural Music condition (Fig. 7A, left) . ISS for the Natural Music condition was also evident in the cerebellum in bilateral lobes VI and VIIb. ISS in response to the control conditions revealed smaller extents in these frontal motor regions (Fig. 7A, center and right) , and the PhaseScrambled condition failed to reveal ISS in any subregion of the Results show no significant differences across auditory cortex for the Natural Music > Spectrally-Rotated comparison, but many suprathreshold voxels across these regions for the Natural Music > Phase-Scrambled comparison. Difference maps were thresholded using a voxel-wise statistical height threshold of (P < 0.005), with corrections for multiple comparisons at the cluster level (P < 0.05; 50 voxels). . ISS was greatly reduced across these frontal and parietal regions for both the Spectrally-Rotated and Phase-Scrambled control conditions. Images were thresholded using a voxel-wise statistical height threshold of (P < 0.005), with corrections for multiple comparisons at the cluster level (P < 0.05; 50 voxels). Results show significant differences in BAs 45 and 47 of IFG (top), as well as PGa and IPS of parietal cortex (bottom), for both stimulus comparisons. Images were thresholded using a voxel-wise statistical height threshold of (P < 0.005), with corrections for multiple comparisons at the cluster level (P < 0.05; 50 voxels).
Fig. 3.
Inter-subject synchronization in auditory cortex. Axial slices showing ISS for the Natural Music (left), Spectrally-Rotated (center) and PhaseScrambled (right) conditions in dorsal (Z = 8; top) and ventral (Z = À6; bottom) views of auditory cortex. Results indicate ISS throughout auditory cortex, including Heschl's gyrus (HG, blue), planum temporale (PT, cyan), posterior superior temporal gyrus (pSTG, pink), and planum polare (PP, green), for the Natural Music and Spectrally-Rotated conditions but not for the Phase-Scrambled condition. Images were thresholded using a voxel-wise statistical height threshold of (P < 0.005), with corrections for multiple comparisons at the cluster level (P < 0.05; 50 voxels).
cerebellum. Direct comparison between the Natural Music and the control conditions revealed significantly greater ISS in the PMC in the right hemisphere and the MCC in both hemispheres (Fig. 7B) . Moreover, there was greater ISS for Natural Music compared than for the Phase-Scrambled condition in left hemisphere lobe VI of the cerebellum.
Consistency of fMRI responses and potential confounds in ISS
A final goal of this work was to examine consistency of fMRI activity over time and, in doing so, investigate potential confounds that could influence our interpretation of ISS. Specifically, we examined several factors that would introduce high levels of ISS due to influences unrelated to music information processing. We reasoned that ISS confounds could arise from: (1) a 'low-level' stimulus-following response to the extended musical sequence rather than regionally specific brain processing of the musical stimulus, resulting in highly correlated fMRI activity patterns measured across auditory, motor and fronto-parietal brain regions; (2) invariant inter-subject correlation magnitudes measured over time during the extended Natural Music sequence, reflecting a consistent and static neural process driven by temporal regularities in the stimulus; or (3) synchronized subject movement during fMRI scanning that results in artifactual increases in the correlation of fMRI time-series measured for the Natural Music condition. We performed three separate analyses to address these issues. First, to examine homogeneity of responses measured across the brain, we extracted fMRI time series for the Natural Music condition from 12 ROIs highlighted in the ISS results and performed a within-subject correlation analysis (see Methods). We hypothesized that stimulus-following would result in significant correlations in many (or most) of the 66 region-to-region comparisons. We found that less than that 20% of the inter-regional comparisons were significantly correlated, indicating that most regional neural activity in response to the Natural Music condition is highly specific and is not represented by a uniform, undifferentiated neural signal (Table 2) . Importantly, results from the inter-regional analysis highlight the hierarchical structure of the auditory system during the processing of Natural Music. For example, significant positive connectivity in subcortical structures was specific to well-described connections in the ascending auditory system, including the IC to MGN connection as well as the MGN to HG connection (Kaas & Hackett, 2000) . Additionally, the results also indicated highly synchronized responses among auditory cortical regions of superior temporal cortex, including HG, PP, PT and pSTG. The interregional analysis also identified three positively correlated longrange connections, including HG to IFG, HG to SMG, the frontoparietal IFG to SMG connection, as well as one negatively correlated long-range connection, PP to the PGp division of the AG. We also examined inter-regional synchronization for the two control conditions using the same ROIs used for the Natural Music condition (Tables 3 and 4 ). The results show that interregional synchronization is similar between the Natural Music and Spectrally-Rotated conditions but, consistent with ISS results, inter-regional synchronization is sharply reduced in the PhaseScrambled control condition. These results also provide novel evidence that ISS is distinct from inter-regional synchronization and represents fundamentally different aspects of information processing.
In the second analysis, we performed an inter-subject, cross-spectra analysis using a continuous wavelet transform to examine timedependent, frequency-specific correlations between subjects' fMRI activity measured throughout the entire Natural Music stimulus (> 9 min in duration). We hypothesized that if the rhythm of the Natural Music, or any other temporal regularities evident in all subjects' fMRI data, was driving ISS results, then the cross-spectra magnitude would show consistently high amplitudes over time in subject-tosubject comparisons. The cross-spectra analysis revealed that correlations between subjects' fMRI time series from three right hemisphere ROIs (IC, HG and IFG) failed to show consistently high amplitudes over time (Fig. 8) . Rather, intermittent and isolated periods of spectral coherence over time were evident, suggesting that consistent temporal regularities in the stimulus were not responsible for driving our observed ISS results.
In the third analysis, we examined whether consistent patterns of movement in the scanner may have driven ISS results. Here, we compared ISS (136 subject-to-subject comparisons) for the Natural Music and Phase-Scrambled conditions using the time series from the six affine movement parameters. Movement parameters did not differ (P > 0.3 for all movement parameters) between the Natural Music and Phase-Scrambled conditions, suggesting that consistent movement patterns across subjects induced by musical rhythm did not drive increased ISS in the Natural Music condition. Fig. 7 . Inter-subject synchronization in motor-planning cortical regions. (A) Coronal (Y = À7) and sagittal (X = 13) slices shows ISS throughout the pre-motor cortex (PMC) and mid-cingulate cortex (MCC), respectively, in response to the Natural Music (left) condition. ISS was less prevalent in the both of these motor-planning regions for the Spectrally-Rotated (center) and Phase-Scrambled (right) condition. (B) Results show suprathreshold voxels in the right PMC and MCC for the Natural Music > Spectrally-Rotated and Natural Music > Phase-Scrambled comparisons. Images were thresholded using a voxel-wise statistical height threshold of (P < 0.005), with corrections for multiple comparisons at the cluster level (P < 0.05; 50 voxels).
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Discussion
A complete understanding of human brain function requires the use of biologically realistic stimuli (Hasson et al., 2010) . We applied this principle to the study of music processing in the brain and identified a distributed network of brain regions that is synchronized across participants during Natural Music listening. This network includes sub-cortical and cortical auditory structures of the temporal lobe, inferior prefrontal cortex and parietal regions associated with attention and working memory, and medial frontal regions associated with motor planning. Nearly all of these brain structures have been implicated in some aspect of music processing in previous research (Zatorre et al., 1994; Maess et al., 2001; Janata et al., 2002; Menon et al., 2002; Snyder & Large, 2005) , but the current results implicate these regions in the shared tracking of structural elements of music over extended time periods. Control conditions consisted of a Spectrally-Rotated condition, which contained the temporal features of the Natural Music condition but whose spectral features were rearranged relative to Natural Music, and a Phase- Scrambled condition in which the long-term spectral features were conserved relative to the Natural Music condition but whose temporal features were effectively removed. Results from spectral and temporal control conditions show that the extent of ISS is greatly reduced for non-musical, compared with musical, stimuli in many of these brain regions. Most notably, sub-cortical auditory structures of the thalamus and midbrain also showed greater synchronization for the Natural Music condition. Additional analyses showed that the observed differences in ISS across stimulus conditions did not arise from stimulus-following, spectro-temporally invariant neural responses or synchronized movement, suggesting that the processing of music involves on-line cognitive and anticipatory processes and is not strictly stimulus-following (Huron, 2006) . Taken together, our results indicate that a naturalistic and extended musical sequence elicits synchronized patterns of neural activity across individuals in auditory and motor regions of the brain as well as fronto-parietal regions associated with higher-level cognitive function, and that the structural content of a sound sequence is sufficient to dramatically alter synchronization throughout this extended network.
Sub-cortical synchronization to music
Our results show for the first time that sub-cortical structures of the auditory system are synchronized across subjects during music listening and include the IC of the midbrain and MGN of the thalamus bilaterally. IC is the primary midbrain nucleus in the auditory pathway, and auditory information processed in the IC is projected to auditory cortex via the MGN. Near-field (Creutzfeldt et al., 1980; Rees & Moller, 1983) and far-field (Griffiths et al., 2001) recordings from these sub-cortical auditory structures have shown that activity is driven by low-level acoustical features and a recent fMRI study showed orthogonal organization of spectral and temporal features in the primate IC (Baumann et al., 2011) , corroborating evidence from near-field electrophysiological studies (Langner & Schreiner, 1988) . Given that the temporal features in the Natural Music condition were effectively removed in the Phase-Scrambled condition, reduced ISS in sub-cortical (and cortical) structures for the Natural Music > Phase-Scrambled comparison was probably due to the fact that sub-cortical temporal processing mechanisms (Baumann et al., 2011) were weakly synchronized by the Phase-Scrambled stimulus while both spectral and temporal processing mechanisms were more strongly synchronized for the Natural Music condition. However, the interpretation for the Natural Music > Spectrally-Rotated result is different given that the Spectrally-Rotated condition contained the full complement of spectro-temporal features: the power spectrum was altered in this control condition but was not degraded or limited in any manner. Given the conservation of both temporal and spectral features in the Spectrally-Rotated condition, we hypothesize that the temporal structure of the Natural Music condition (Levitin & Menon, 2003; 2005) was responsible for the elevated ISS results in both sub-cortical and cortical regions relative to the control conditions. These sub-cortical auditory structures have historically been considered passive relays of auditory information, and therefore it is surprising to find the strong enhancement in subcortical ISS in the Natural Music condition relative to the Spectrally-Rotated control condition. If these sub-cortical structures serve as passive relays of auditory information, then ISS should have been comparable for all stimulus conditions. In contrast to this hypothesis, our results indicate that ISS in sub-cortical structures is driven by the musical nature of the stimulus and suggest that top-down, cortically mediated influences play an important role in synchronizing activity in audi- Fig. 8 . Inter-subject spectral coherence analysis in three brain regions. Representative examples of five pairs of subject-to-subject cross-spectra during the Natural Music condition in the IC (top row), HG (middle row), and IFG (bottom row). Intermittent and isolated periods of spectral coherence over time were observed, indicating that ISS does not arise from spectro-temporally invariant neural responses and stimulus-following. Sub1 = Subject 1, Sub2 = Subject 2.
tory sub-cortical regions between subjects. This result is consistent with recent work showing that sub-cortical auditory structures are influenced by context (Chandrasekaran et al., 2009) , learning (Chandrasekaran et al., 2012; Hornickel et al., 2012; Skoe & Kraus, 2012; Anderson et al., 2013) and memory (Tzounopoulos & Kraus, 2009 ).
An important question for all sub-cortical and cortical ISS findings is which aspect(s) of musical structure are responsible for the current ISS findings. Plausible candidates include themes, cadences, chord functions, tones, accents and dynamics, tempo, and any number of combinations of these features. The current work has controlled only for the contribution of spectro-temporal acoustical features to ISS and cannot provide additional information regarding musical features driving ISS results. An important avenue for future work is exploring the relative roles of these candidate musical features on ISS.
Synchronization in auditory structures of the temporal lobe
Our results demonstrate that auditory structures of the temporal lobe, including HG, PT, PP and pSTG bilaterally, were highly synchronized across subjects during music listening. Interestingly, no differences were evident in auditory cortical synchronization for the Natural Music > Spectrally-Rotated comparison, although differences were evident for the Natural Music > Phase-Scrambled comparison (Fig. 4) . Amplitude modulation in the Natural Music and Spectrally-Rotated conditions is one possible explanation for ISS across both tasks in the auditory cortex. This interpretation is supported by previous studies which have shown auditory cortical sensitivity to low-frequency amplitude modulation in speech (Ahissar et al., 2001; Abrams et al., 2008 Abrams et al., , 2009 Aiken & Picton, 2008) and other auditory stimuli (Boemio et al., 2005) , and is further supported by single and multi-unit activity measured in auditory cortex of animal models during the processing of spectro-temporally complex auditory stimuli (Wang et al., 1995; Nagarajan et al., 2002) . In this context it is noteworthy that a significant ISS difference was evident in auditory cortex for the Natural Music > Phase-Scrambled comparison (Fig. 4, right) . These results indicate that despite the well-documented sensitivity of auditory cortex to spectral and harmonic information (Zatorre et al., 2002) , which are present in the Phase-Scrambled condition, these features alone, in the absence of temporal patterns, are insufficient to drive ISS. Our results extend these previous findings by showing that the disruption of temporal patterns in music significantly reduces the consistency of auditory cortical activity measured across individuals. Moreover, our results point to the involvement of both primary and secondary auditory cortical structures, including HG, PP, PT and pSTG, in tracking the temporal structure of music across time periods lasting minutes. Additionally, a recent ISS study showed that activity in bilateral STG and HG are recruited during timbral processing of a naturalistic musical stimulus, and bilateral STG and right-hemisphere HG are also active during rhythm processing (Alluri et al., 2012) . ISS results in the current study also support a role for STG and HG in rhythm processing given that (1) ISS in these auditory cortical regions was only evident when temporal features were present in the stimuli (see Fig. 4 ), and (2) temporal features, such as amplitude modulation, are fundamental to the perception of rhythm (Sethares, 2007) .
An intriguing aspect of the results was the finding of differences in ISS for the Natural Music > Spectrally-Rotated condition in sub-cortical structures but not in auditory cortex. While both subcortical (Chandrasekaran et al., 2009 ) and cortical structures (Fecteau et al., 2004; Chait et al., 2007) of the auditory system have shown sensitivity to the context of stimulus events, contextual processing is more closely associated with auditory cortex while stimulus-following is associated with sub-cortical structures. Very little is known about the relative influence of context on sub-cortical vs. cortical structures in the auditory system, and current models of the auditory system cannot easily explain this aspect of the results. It is hoped that future studies can address these questions further by examining functional interactions between multiple regions of the auditory hierarchy during the processing of extended stimulus sequences.
Synchronization in fronto-parietal cortex
An important new finding from our study is that ISS during music listening extends beyond auditory regions of superior temporal cortex. Of particular interest is the identification of right-lateralized regions of the IFG, including BAs 45 and 47, as well as the PGa subdivision of the inferior parietal cortex. Importantly, ISS was greater for the Natural Music condition compared with both control conditions in these fronto-parietal regions (Fig. 6 ). These brain structures have been implicated in previous studies of music processing: the IFG has been implicated in processing temporal structure (Levitin & Menon, 2003 , 2005 and violations of syntactic structure (Maess et al., 2001; Koelsch, 2005) , and the AG has been implicated in musical memory (Platel et al., 2003) . Beyond the processing of these specific musical features, however, our results from the ISS analysis indicate that activity in these fronto-parietal structures is consistently synchronized to structural features in the musical stimulus, and suggest a role for these brain regions in the online tracking of musical structure. One possibility is that a frontoparietal circuit involving right-hemisphere homologs of Broca's and Geschwind's areas support the processing of musical structure by engaging attentional and working memory resources necessary for the processing of extended nonlinguistic stimulus sequences. These resources are probably necessary for holding musical phrases and passages in mind as a means of tracking the long-term structure of a musical stimulus. Consistent with this hypothesis, a recent study examining expectation violation in response to brief string quartet compositions showed that right-hemisphere SMG and BA 44 of Broca's area are modulated by musical expertise, and may underlie enhanced attention and working memory function in musicians (Oechslin et al., 2012) .
Synchronization in motor planning regions of cortex
Our analysis also revealed significant ISS in the PMC, MCC and pre-central gyrus in response to the Natural Music condition, and ISS was greater in these brain regions for the Natural Music condition relative to the control conditions (Fig. 7B) . The PMC and precentral gyrus are associated with sensory-motor integration and motor imagery (Zatorre et al., 2007; Sammler et al., 2010) . In a previous study it was shown that the PMC and pre-central gyrus are sensitive to the passive perception of musical rhythms, indicating that these regions can be activated in the absence of a motor task (Chen et al., 2008) . A plausible explanation of our results is that ISS in motor regions is driven by rhythmic components of the stimulus. Our study adds to this literature by showing that these motor planning regions are synchronized between subjects during a natural musical experience, and are likely time-locked to structural (e.g. rhythmic) components of the stimulus. One possible explanation for this connection with motor systems is that, over the course of human evolution, music has traditionally been used in conjunction with synchronized movement and dance (McNeill, 1995; Levitin, 2008) .
Conclusion
Our study provides new information regarding inter-subject brain synchronization in response to natural stimuli. Our results show that inter-subject synchronization occurs at multiple levels in the information processing hierarchy -from sub-cortical and cortical auditory structures to fronto-parietal attention network and motor planning areas. Importantly, we show for the first time that this diverse collection of auditory and supra-auditory brain structures tracks aspects of musical structure over extended periods of time. More generally, our findings demonstrate that music listening elicits consistent and reliable patterns of time-locked brain activity in response to naturalistic stimuli that extends well beyond primary sensory cortices (Hasson et al., 2004; Wilson et al., 2008) , and that synchronization is not driven solely by low-level acoustical cues. These signatures of synchronized brain activity across individuals in multiple hierarchically structured systems may underlie shared neural representations that facilitate our collective social capacity for listening and attending to music.
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